The reverse leakage current of a GaInN light-emitting diode (LED) is analyzed by temperature dependent current-voltage measurements. At low temperature, the leakage current is attributed to variable-range-hopping conduction. At high temperature, the leakage current is explained by a thermally assisted multi-step tunneling model. The thermal activation energies (95-162 meV), extracted from the Arrhenius plot in the high-temperature range, indicate a thermally activated tunneling process. Additional room temperature capacitance-voltage measurements are performed to obtain information on the depletion width and doping concentration of the LED. III-V nitride based light-emitting diodes (LEDs) have attracted much attention due to their high efficiency and little adverse environmental impact. LEDs with low leakage current, including subthreshold forward leakage current and reverse leakage current, are desirable to increase the device lifetime and the electrostatic discharge resilience.
III-V nitride based light-emitting diodes (LEDs) have attracted much attention due to their high efficiency and little adverse environmental impact. LEDs with low leakage current, including subthreshold forward leakage current and reverse leakage current, are desirable to increase the device lifetime and the electrostatic discharge resilience.
1,2 The reverse leakage current of GaN LEDs has been studied using temperature dependent current-voltage measurements. 3 It was claimed that the main conduction mechanism responsible for the reverse-bias leakage is tunneling. 3 In GaN pn junction photodetectors, the reverse leakage current was attributed to the carrier hopping through defect states in the space charge region. 4 The doping concentration and, accordingly, the internal electric field in the depletion region of GaN LEDs are usually much higher than in GaN photodetectors. 4 The transport mechanisms in GaN LEDs under reverse bias with such a high internal electric field are not fully understood. In the present article, we investigate capacitancevoltage (C-V) characteristics and temperature-dependent reverse leakage current of GaN LEDs in order to identify transport mechanisms of the reverse leakage current. At temperatures lower than 250 K, the reverse leakage current is attributed to variable-range-hopping (VRH) conduction; above room temperature, the reverse leakage current is attributed to thermally assisted multi-step tunneling.
The devices under test are 1 Â 1 mm 2 GaInN LEDs with peak emission wavelength of 440 nm. The LED structure is deliberately grown for this study by metalorganic vapor phase epitaxy on c-plane sapphire substrate. The LED consists of an undoped GaN layer, a 2 lm n-type GaN ). Room temperature C-V measurements are performed at a fixed frequency of 1 MHz with an AC test signal level of 15 mV. Due to the low Mg-doping efficiency in GaN-based materials and due to the high thermal activation energy of Mg acceptors, the p-type GaN is highly Mg doped. It can be assumed that the net acceptor concentration in the p-type region is much greater than the unintentional donor concentration in the MQW region. 5 According to the depletion approximation, the depletion region is mostly located on the lightly doped side, i.e., the MQW region and the n-type GaN region. The C-V concentration, N CV , is given by
where C UA is the measured capacitance per unit-area and e r and e 0 are the relative and absolute dielectric constants of the material, respectively. The depletion width is calculated by d CV ¼ e r e 0 /C UA . The C-V profile is the plot of N CV as a function of d CV . The spatial resolution of the C-V profile for quantum confined system is limited to the spatial extent of the carrier wave function. 7 Moreover, it was proved that the C-V concentration measured in an asymmetric pn junction (acceptor concentration in the p-type region ) donor concentration in the n-type region) corresponds approximately to the free carrier concentration N CV (z) % n (z). 6 Therefore, the full width at half maximum (FWHM) of the peak in the C-V profile of a QW structure is approximately equal to the spatial width of the wave function, i.e., approximately the QW thickness. Figure 1 shows the C-V profile of the LED. In the C-V profile, there are two main, sharp peaks separated by 8.4 nm; this distance is close to the period of the MQW (8 nm). The FWHM of the second peak is 3.6 nm, which is similar to the QW thickness (3 nm) in the LED. The valley at the depletion width of 30 nm and the plateau on the right of the figure correspond to the 15 nm n-type GaN layer and 15 nm n-type GalnN (2011) layer, respectively. The depletion width at zero bias is only about 20 nm, which indicates a strong electric field in the depletion region.
The reverse current of the LED is measured in the dark for temperatures ranging from 80 to 450 K with increments of 10 K. The LED was fabricated following the same procedure described by Kim et al. 8 The sidewall of the LED is electrically passivated with a dielectric material before the metal deposition. Thus, we assume that the sidewall surface leakage current can be neglected. In GaN based LEDs, due to the wide bandgap of GaN, the drift-diffusion current and Sah-Noyce-Shockley generation-recombination current under reverse bias are too small to be measured. Therefore, there must be other mechanisms that are responsible for the high leakage current. To investigate the leakage current mechanisms, the reverse current is measured as a function of temperature at a bias of À5 V, which is shown in the Arrhenius plot of Fig. 2 . At a given temperature, the derivative Àd
, which is proportional to the slope in the Arrhenius plot, may be called the thermal activation energy of the conduction process. Inspection of the plot reveals that the "thermal activation energy" decreases with decreasing temperature. The low-temperature-leakage current of a GaN Schottky diode was explained by tunneling from the metal to the n-type GaN. 9 In GaN pn junctions, such as GaN LEDs, the low temperature leakage is not due to the interband tunneling because of the much larger tunneling barrier. Moreover, the tunneling current does not depend on temperature. However, in our measurement, the leakage current still depends on temperature. This temperature dependence can be explained by variable-range-hopping (VRH) conduction. According to Mott's theory, 10 the VRH conductivity of disordered materials, e.g., amorphous germanium, follows rðTÞ / exp ½ÀðT 0 =TÞ 1=4 , where T 0 is the characteristic temperature. VRH conduction was used to explain the low temperature conductivity in semi-insulating GaN. 11 At low temperature, the dominant hopping conduction in a semiinsulating GaN is due to electrons hopping from one deep center to another deep center, both of which are close to the Fermi level. 11 In a GaN based pn junction, under reverse bias, the depletion region can be considered as an insulating layer with a strong electric field. Considering electric-fieldenhanced hopping conduction, the current follows 12
Þ, where C and C 0 are constants and F is the electric field. The temperature dependence of the field term (in a limited temperature range) is small. Therefore, at a fixed voltage, the reverse current follows Mott's T À1/4 law. The defect density in GaN epitaxial layers can be high. Electrons in the valence band of p-type GaN tunnel to the deep centers, hop through deep centers in the depletion region, and finally tunnel to the conduction band of n-type GaN. As shown in Fig. 2 , we apply the VRH model to fit the experimental data. It is found that this model can fit the data very well in the temperature range from 80 to 250 K. The very good fit reveals a VRH conduction with a characteristic temperature T 0 ¼ 1.3 Â 10 6 K, which is a reasonable value according to Ref. 11 . The Mott's T À1/4 law does not fit the data well at temperatures above 250 K. It is found that in the high temperature range (above the room temperature), the leakage current exponentially increases with decreasing of 1/T, which was also observed by Fedison et al. 13 A linear fit in the Arrhenius plot of Fig. 2 in the high temperature range yields activation energy of about 135 meV, which is much smaller than the bandgap energy of GaN. This supports the hypothesis that the (1) drift-diffusion and the (2) Sah-Noyce-Shockley generation-recombination current in the depletion region are not the main mechanisms causing the reverse leakage current, since the activation energies for these two mechanisms are on the order of the bandgap energy (much larger than what we measure). 14 The thermal activation energy ($135 meV) is attributed to the thermal excitation of the electrons through deep centers or from deep centers to the conduction band in the reverse-bias depletion region (or the corresponding process in the valence band 13 ). The leakage current in the high temperature range can be explained by the thermally assisted multi-step tunneling. In this model, electrons transition from the valence band of p-type GaN to the conduction band of n-type GaN by multi-step tunneling and thermal activation. Figure 3 shows the schematic diagram of the hopping conduction at low temperature and the thermally assisted multi-step tunneling at high temperature. The deep centers enabling the reverse leakage current could be due to diffused Mg, 15 dangling bonds, 4 or Ga-Ga bonds occurring at dislocations. The thermal activation of electrons from deep centers can be enhanced by the electric field. The lowering of the Coulombic potential barrier, due to the electric field, is the so-called Poole-Frenkel effect or field-assisted thermal ionization. 17 The inset of Fig. 4 shows the schematic diagram of a defect center affected by the Poole-Frenkel effect. From the Arrhenius plots, we obtain thermal activation energies in the range of 300-450 K under different bias conditions. The average internal electric field, for an applied voltage V A , can be estimated by In summary, the C-V measurements and temperature dependent I-V measurements on a GaInN LED are analyzed. Quantum wells in the MQW region are well resolved as shown by two peaks in the C-V profile. The small depletion width indicates a very strong internal electric field in the depletion region. The reverse leakage current of the GaInN LED at À5 V is plotted in an Arrhenius plot. At low temperatures (80-250 K), the carrier transport is attributed to the VRH conduction. At high temperatures (300-450 K), the thermal activation energies (95-162 meV) extracted from the Arrhenius plot are attributed to the thermal activation of electrons. The associated leakage current occurs through thermally assisted multi-step tunneling. 
